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Abstract

Fusarium oxysporum f. sp. capsici (Foc) induces wilt disease in chilli and affects its yield. Implementing microorganisms
and plant extracts for plant disease management has recently gained momentum as chemical measures pose a serious threat to
the environment. Field experiments were conducted over two consecutive years to evaluate the effectiveness of Trichoderma
harzianum (either as seed treatment or as soil application) and neem (Azadirachta indica; as seed treatment with leaf extract)
alone or in combination, in managing chilli wilt. Untreated plots served as control. Chilli plants were grown in field plots of
2x2 m? size, and experiments were organised in complete randomised block design with three replications. In the absence
of Foc, T. harzianum (sa) + A. indica (st) increased growth and yield of chilli. In Foc-inoculated plots, both, 7. harzianum
and A. indica, showed a reduction in disease severity. Disease severity and chlorophyll content were negatively correlated
(P<0.05). During both years, T. harzianum (sa) +A. indica (st) caused the strongest reduction in wilt severity and the high-
est increase in chlorophyll content, number of fruit/plant, fresh yield/plant, fresh and dry weight as well as plant length. Soil
population of T. harzianum increased significantly during crop growth and was higher in plots inoculated with the pathogen.
Highest concentrations (4.52 x 10* and 4.87 x 10* cfu/g soil) were found in plot soil where 7. harzianum was applied in the
soil, whilst maximum increase of Foc (3.02 x 10* and 3.05 x 10* cfu/g soil) was observed in plots that lacked any treatment.
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Introduction

Chilli (Capsicum annum L.), a crop of the family Solan-
aceae, is one of the most important vegetable and is primar-
ily grown for its pungency, colour and spicy taste. Chillies
are also a valuable source of vitamins A and C (Rahman
et al. 2011) and are used in beverages, cosmetics and medi-
cines. Chilli is a native plant of South America and was
introduced in the late fifteenth century to India by Portu-
guese traders (Krishna 2003). It has become an important
commercial crop in India, and the country is therefore
regarded as the secondary hub of its diversity (IBPGR
1983). Presently, India leads the world in production, con-
sumption and export of chilli, contributing nearly 25% of the

>< Arshi Jamil
arshijamil.amu@gmail.com

Department of Plant Protection, Faculty of Agricultural
Sciences, Aligarh Muslim University, Aligarh, U.P, India

total chilli exports. It produces 1.49 million tonnes of chillies
from 0.77 million hectare land and 1.92 MT/ha of productiv-
ity (Anonymous 2014). In the recent years, chilli production
has struck down due to numerous restraints like incessant
monoculture, improper cultivation methods adopted by the
farmers, unavailability of healthy seeds, adverse climate,
poor soil conditions, pests and various fungal, bacterial and
viral diseases (Abdel-Monaim 2012). Amongst all these con-
straints, wilt disease of chilli caused by Fusarium oxysporum
Schlecht. emend. Synd. and Hans. f. sp. capsici Riv. is one
of the most devastating disease in chilli growing regions
worldwide (Abd-Allah et al. 2011) with 50-80% yield losses
in case of high disease incidence (Madhavi et al. 2000).
The wilt fungus can attack the plant from seedling up
to harvesting stage, infecting mainly the plant root system,
and thereby, inhibiting water and nutrient transport (Miller
et al. 1996) and subsequently disrupting the physiological
processes necessary for adequate production and quality
(Morid et al. 2012). Typical disease symptoms of Fusarium
wilt of chilli includes yellowing of leaves, stunted growth
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and decaying and gradually the entire plant turns brown and
recessed (Alegbejo et al. 2006). Infected plants also exhibit
discrete morphological appearance as compared to abiotic
stress caused due to the deterioration of vascular system by
pathogenic obstruction (El-Kazzaz et al. 2008). The patho-
gen is soil-borne and systemic in nature and can survive
in the absence of host by forming chlamydospores (resting
spores) in the soil. Chlamydospores remain viable for many
years and can also withstand high temperatures making the
pathogen thermophilic and hard to diagnose and manage
(Astrom and Gerhardson 1988).

Owing to high disease severity, farmers are bound to use
chemicals, but they are expensive and have adverse effects
on the environment (Hossain et al. 2013). Therefore, finding
alternative measures of disease management such as biocon-
trol agents and botanicals is recommended. The major goal
of implementing biological control methods is to decrease
the density and activity of the pathogen (Singh et al. 2017).
Besides, these methods of disease management are safe, eco-
nomical and non-hazardous to living organisms (Elshahawy
et al. 2017) including humans. Deployment of biocontrol
agents, particularly Trichoderma spp., has been proven to
be highly efficient in managing diseases in different crops
(Monte and Llobell 2003; Reena et al. 2013) as they have a
high adaptability, are fast growing and have a broad antibi-
otic spectrum. They also possess an inhibitory effect against
major soil-borne pathogens including Fusarium spp., Phy-
tophthora spp. and Pythium spp. (Mukherjee et al. 2012;
El-Nagdi and Abd-El-Khair 2014; Woo et al. 2014). Tricho-
derma spp. activate induced resistance in plants and stimu-
late their growth through rhizospheric competition, antibi-
otic and enzyme production or mycoparasitism (Harman
et al. 2004; Howell 2003). Mycoparasitic Trichoderma spe-
cies grow chemotropically towards its host and through lec-
tin mediated processes they get attached to the host hyphae
and coil around them. They are penetrating the cells of the
pathogen by means of cell wall degrading enzymes like chi-
tinases and p-1, 3 glucanases (Harman 2000). Trichoderma
spp. increase defence-related enzymes in plants and thus
reduce incidence of damping off, root rots, wilts and other
soil-borne diseases (Abd-El-Khair et al. 2019).

Compounds from plant origins like plant extracts from
different plant parts and other secondary metabolites pos-
sessing antifungal properties are used against numerous
plant diseases (Haikal 2007; Joseph et al. 2008) as they
are effective, less noxious and more environmentally safe
(Lee et al. 2007). Also, they are known to induce sys-
temic resistance in plants by accumulating pathogenesis-
related proteins (PR-proteins) (Kagale et al. 2004). Neem
(Azadirachta indica) extracts contain alkaloids, glycosides,
flavonoids and saponins (Pandey et al. 2014) which provide
a broad spectrum of antimicrobial properties and thus have
been promoted for its use in managing plant pathogens.
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Neem is capable of controlling several plant diseases, like
Fusarium wilt by causing metabolic changes in plants, like
phenol accumulation, induction of antioxidant defensive
enzymes and phenol biosynthesis enzymes (Guleria and
Kumar 2006; Aboellil 2007). Tetranortriterpenoids, such as
gedunin (Sadre et al. 1983) and azadirachtin, found in neem
extract have antifungal properties, resulting in a reduction of
Fusarium wilt (Hanaa et al. 2011). Thus keeping in view the
importance of biological methods of disease management,
the present study was carried out to test the effectiveness of
T. harzianum and leaf extract of A. indica in managing the
Fusarium wilt disease of chilli.

Materials and methods
Experimental location

Experiments were carried out for 2 years, i.e. in 2018 and
2019, in the fields of Department of Plant Protection, Fac-
ulty of Agricultural Sciences, Aligarh Muslim University,
Aligarh.

Soil sterilisation

Soil collected from the fields of the Department of Plant Pro-
tection was sandy clayey loam (64.8% sand, 17.9% clay and
17.3% silts) having pH 7.6 and 45% water holding capacity.
Its organic carbon content was 0.017%, and organic matter
content was 1.8%, respectively. Soil was amended with com-
post in the ratio of 3:1 (Rizvi et al. 2015a), steam-sterilised
for 1 h at 15 kg/m? pressure at 121 °C and then filled in pots
(25 cm diameter and height; 2 kg soil/pot).

Sowing and maintenance of the chilli plants

Chilli seeds (C. annuum var. Pusa Jwala) were surfaced-ster-
ilised in 0.01% mercuric chloride (HgCl,) solution for one
minute and then gently rinsed thrice with double distilled
water (DDW). Twenty seeds/pot were sown in the above-
mentioned pots, and the plants were regularly watered to
maintain sufficient moisture. Twenty-day-old seedlings were
then transplanted in the field plots.

Isolation, identification and mass culturing
of the wilt fungus

Fusarium oxysporum f. sp. capsici (Foc) was isolated
from chilli plants exhibiting typical wilt symptoms in the
fields. The plants were thoroughly washed under running
tap water, and infected parts were cut into 4-5 mm size
pieces, sterilised in 0.01% HgCl, solution for one min-
ute and gently washed 2-3 times with DDW before being
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aseptically transferred to the Petri plates containing steri-
lised potato dextrose agar (PDA). The inoculated plates
were incubated in an incubator at 27 +2 °C. The fungal
colonies developed after 2-3 days. The fungus was puri-
fied by isolation technique (Riker and Riker 1936), and
pure cultures were sub-cultured on PDA slants for fur-
ther studies. On the basis of cultural and morphological
characters like white- and purple-coloured mycelia and
presence of microconidia on short conidiophore (Soesanto
et al. 2011), as examined under a compound microscope, it
was identified as Fusarium oxysporum f. sp. capsici. The
fungal isolate was also compared with the standard culture
of F. oxysporum f. sp. capsici procured from the Division
of Mycology and Plant Pathology, Indian Agricultural
Research Institute (IARI), New Delhi, India.

The pathogen was mass multiplied on sorghum grains.
Sorghum seeds were soaked in 5% sucrose and 0.003%
chloramphenicol solution overnight (Whitehead 1957).
The soaked seeds were then transferred to 500 ml coni-
cal flasks and autoclaved twice at 15 kg/m? pressure at
121 °C for 15 min. The flasks were then inoculated with
the mycelial disc (5 mm diameter) of pure culture of F.
oxysporum f. sp. capsici and incubated for 8—10 days in
an incubator having 27 +2 °C temperature. During incuba-
tion, the flasks were manually shaken on a daily basis for
a few minutes to avoid clumping and to get early growth
with uniform colonisation of seeds.

Pathogenicity test of the wilt fungus

A pathogenicity test was carried out in pots of the size
25%25 cm? (diameter and height) filled with steam-ster-
ilised soil mixed with compost in 3:1 ratio. The fungal
inoculum was added to these pots (at 4 g/kg soil) and
mixed thoroughly for uniform distribution. Surface steri-
lised seeds of chilli were sown in these pots (5seeds/pot),
and five replicates were maintained. The pots were regu-
larly watered with sterilised water to maintain sufficient
moisture needed by the plants. Developing symptoms were
observed 30 days after sowing, and the pathogen was re-
isolated from roots and/or stem of infected plants, and
thus, Koch’s postulates were verified (Ignjatov et al. 2012).

Procurement, maintenance and mass culturing of T.
harzianum

A pure culture of T. harzianum was provided by the Divi-
sion of Mycology and Plant Pathology, IARI. The culture
was maintained on PDA, subcultured every 15 days and
mass-multiplied in the same way as the pathogen.

Preparation of plant extract of A. indica

Hundred gram leaves of A. indica were thoroughly washed
with double distilled water and dried at room temperature.
Thereafter, they were surface-sterilised in 0.01% HgCl,
solution for one minute and with DDW. The material was
then crushed with mortar and pestle by adding 100 ml
of double distilled water. The crushed material was fil-
tered through double layer of muslin cloth and the filtrate
obtained was centrifuged at 5000 rpm for 15 min. After
this, the filtrate was further placed on Whatman filter
paper no. 1 (Shetty et al. 1989; Achimu and Schlosser
1992) and the collected plant extract was assumed to be
100% standard solution. The extract was heated to 40 °C
for 5 min to avoid contamination (Jaganathan and Nar-
asimhan 1988).

Application of T. harzianum, F. oxysporumf. sp.
capsici and A. indica extract

T. harzianum was applied at 4 g/kg both in seed treatment
of chilli and in soil application in field plots prior to sowing.
For seed treatment with 7. harzianum, 50 g of chilli seeds
was coated with 20 mg of 7. harzianum to obtain the treat-
ment value of 4 g/kg seed, respectively. Jaggery solution
(unrefined cane sugar; 5%) was applied to seeds as sticker for
proper adhering of the biocontrol agent. Seed coating was
done by thoroughly shaking 20 mg of fresh T. harzianum
mycelium, 5 ml of jaggery solution and 50 g of chilli seeds
in 100 ml flask, in order to get uniform coating of the seeds
with the biocontrol agent.

In field experiments, the biocontrol agent was applied
to the top layer of the soil (up to 8—10 cm depth). Aver-
age weight of the top soil from five plots of 2 x 2 m?area
was estimated as 281 kg and accordingly T. harzianum
suspension containing 1124 g of colonised sorghum seeds
roughly ground and mixed in eight litres tap water was
sprinkled in a plot. The next day, the soil was turned
upside down with the help of spade. This was done to
achieve a uniform distribution of the biocontrol agent
in the plot soil, and the inoculation was done three days
before the crop transplanting. The wilt pathogen was also
applied in the field in the same manner 10 days prior to
transplanting. To apply A. indica as seed treatment, chilli
seeds were dipped in a 20% leaf extract (2 ml standard
solution of the leaf extract mixed in 8 ml DDW) for half
an hour prior to sowing.

Experimental design

During the 2 years of chilli cultivation, 20-day-old seedlings
were transplanted in field in the second week of January.
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Each plot has 3 rows, and in each row 10 seedlings were
transplanted, i.e. 30 plants/plot. No fertilizer was applied in
the field throughout the cropping season. However, the field
was regularly watered at a ten-day interval till the plants
reached flowering stage. Once the plants started flowering,
field was irrigated only twice: once at the fruit setting stage
and second after the first harvesting was done. Experiments
include F. oxysporum f. sp. capsici (Foc), T. (TH), A. indica
(AI), seed treatment (st) and soil application (sa) in the fol-
lowing combinations (each in 3 replicates): (1) Control, (2)
Foc, (3) TH (st), (4) TH (sa), (5) Al (st), (6) TH (st) + Al (st),
(7) TH (sa) + Al (st); (8) TH (st) + Foc, (9) TH (sa) + Foc,
(10) AI (st) + Foc, (11)TH (st) + Al (st)+ Foc, (12) TH
(sa)+ Al (st)+ Foc.

Soil populations of F. oxysporumf. sp. capsiciand T.
harzianum

Soil population of the pathogen and the biocontrol agent
was recorded monthly from January to April. Therefore, the
soil near the plant roots was dug 5-8 cm deep using hand
digging trowel in the early hours of the day during the sec-
ond week of the month. Extreme care was taken that roots
do not get damage. Fifty gram soil was collected from the
rhizosphere of 5 plants randomly selected from each 3 plots
of a particular treatment and mixed to get a composite sam-
ple. It was sieved using a coarse sieve to separate the bigger
soil particles and other debris present in the samples. The
suspension was prepared in a conical flask by adding one g

Wilt severity =

Number of branches/twigs/leaves showing wilt symptom

Estimation of chlorophyll content

Chlorophyll content was recorded at the time of first harvest.
Therefore, 5 plants/plot were randomly selected. The esti-
mation of the chlorophyll content in chilli leaves was done
according to the method of Hiscox and Israelstam (1979).
Hundred mg of leaves from 3 month old plants was placed
in a test tube having 7 ml dimethyl sulphoxide (DMSO)
and left for 1 h to extract all the chlorophyll. The extract
was transferred to another test tube, and the net volume was
increased to 10 ml by adding DMSO. The samples were
immediately assayed by transferring 3 ml chlorophyll extract
into a cuvette. Optical density (OD) was measured with a
spectrophotometer (SHIMADZU UV-2450) at 645 and
663 nm against the absolute DMSO, and total chlorophyll
was calculated using Arnon’s Eq. (1949):

[20.2(Agss) + 8.02(Age3 )] v

Total chl (mg/g fresh weight) = 1000 x W

where A = absorbance of light at a particular wavelength,
W =weight of the leaf tissue used, and V=final volume of
the extract.

Plant growth parameters

For each treatment fruit/plant, yield/plant (g), plant fresh
weight (g), plant dry weight (g), plant length (cm) and wilt
severity were analysed. Severity of the wilt disease was
observed on two-and-a-half-month-old plants (i.e. at fruit
bearing stage) and was expressed using the formula:

x 100

Total number of branches/twigs/leaves of a plant

of the sieved soil to 9 ml DDW and was stirred for 10 min
over a magnetic stirrer. One ml of this suspension was then
added to a test tube having 9 ml DDW, and the process was
repeated to get 10~* dilution. Soil populations of both, the
pathogen as well as the biocontrol agent, were determined
in terms of colony forming units (cfu/g soil) by applying
a dilution plate method. Suspensions having 10~ dilution
were spread on Petri-plates containing PDA and incubated
at 27 +2 °C for 72 h. The colonies growing on PDA were
then counted using a colony counter. Three replicate plates
for each treatment were analysed.
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It was then scored on 0-5 scale where, 0 =no wilt,
1=1-20%, 2=21-40%, 3=41-60%, 4=61-80% and
5=81-100%.

From each plot, 5 plants were randomly selected to record
plant yield, fresh and dry weight of plants and plant length.
Plant yield was summed up by adding three individual har-
vests each at three, three and a half and four months of plant
age, while data for fresh and dry weight of plants and plant
length were noted when the plants stopped flowering and
bearing fruit, i.e. after the final third harvesting. For obtain-
ing dry weight (including plant roots), plants were first sun-
dried for three days and then placed in an oven for an hour
at 80 °C to remove all the water content.
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Statistical analysis

The data obtained were statistically analysed by the method
of Panse and Sukhatme (1985). Critical difference (CD)
was calculated at 1% probability level for laboratory experi-
ments, whereas field trials were analysed at 5% probability
level. To test for significant differences between treatments
Turkey’s test was also used. All the statistical tests were
performed using Minitab 11.0 software.

Results
Effect of T. harzianum and A. indica on wilt severity

One month after transplanting, characteristic symptoms of
Fusarium wilt were observed on plants grown in plots inocu-
lated with Foc with a diseases severity of 3.4 in 2018 and
3.7in 2019, respectively. Initially, plants exhibited yellowing
of leaves which later turned chlorotic and necrotic. Steadily
the plants wilted, and approximately 8% of the total plants
died. Application of T. harzianum and A. indica, either alone
or in combination, significantly reduced the disease sever-
ity. In plots with soil application of 7. harzianum, the wilt
severity score was 2.2; in plots where seed treatment with
T. harzianum was followed disease severity recorded was
2.5 and when A. indica was used for seed treatment, disease
severity was 2.7 in the year 2018. In 2019, the scores were
2.7 when T. harzianum was mixed into soil, 2.8 when T.
harzianum was used as seed treatment and 3.1 with A. indica
extract. The lowest disease severity of 1.4 in 2018 and 1.7

in 2019 was observed in plants that received T. harzianum
(sa)+A. indica (st) treatment when compared to other treat-
ments (Table 1).

Effect of T. harzianum and A. indica on chlorophyll
content

The wilt pathogen significantly reduced the chlorophyll
content in chilli plants. In 2018, untreated plants grown in
pathogen-inoculated plots contained the lowest amount of
chlorophyll (1.056 mg/g), whereas plants from pathogen-
inoculated plots treated with 7. harzianum (sa)+A. indica
(st) showed maximum chlorophyll content of 3.985 mg/g,
(Table 1). In the following cropping year, the chlorophyll
content was 0.996 mg/g in F. oxysporum f. sp. capsici-
inoculated plots, while T. harzianum (sa) +A. indica (st)
enhanced this value to 3.952 mg/g even in the presence of
the pathogen. In both years, the highest chlorophyll content
(4.219 mg/g and 4.286 mg/g) was recorded in T. harzianum
(sa)+A. indica (st)-treated plants in field plots, not inocu-
lated with the pathogen. Correlation analysis between chlo-
rophyll content and wilt severity showed a negative relation-
ship, where chlorophyll content was inversely proportional
to wilt severity, i.e. greater the percentage of disease sever-
ity, higher the reduction in the plant’s chlorophyll content
(Fig. 1).

Effect of T. harzianum and A. indica on plant yield
parameters

Foc significantly reduced fruit/plant and fruit yield in both
seasons. In the absence of Foc, all the treatments showed

Table 1 Effect of different treatments on wilt severity and chlorophyll content of chilli plants

Treatment 2018 2019

Wilt severity (%) Chlorophyll content (mg/g) Wilt severity (%) Chlorophyll content (mg/g)
Control 0.08 2.564+0.047 0.0 2.451+0.054"
Foc 3.4% 1.056 +0.068! 3.7 0.996 +0.029%
TH (st) 0.02 3.653+0.051%¢ 0.08 3.489+0.070°
TH (sa) 0.0¢ 3.787+0.023¢ 0.0 3.783+0.042%¢
Al (st) 0.0¢ 3.166+0.086% " 0.0 3.098 +0.067" ¢
TH (st) + Al (st) 0.0 4,024 +0.092" 0.0 4.010+0.066°
TH (sa)+ Al (st) 0.08 4.219+0.075* 0.08 4.286+0.082*
TH (st) + Foc 2.5%¢ 2.227+0.072 2.8>¢ 2.334+0.053"1
TH (sa) + Foc 2.20d 3.241+0.0398 2754 3.134+0.028f
Al (st) + Foc 2.7° 1.994 +0.085% 3.1° 1.346 +0.062}
TH (st) + Al (st) + Foc 1.9¢¢ 3.511+0.086%f 2.1¢ 3.782+0.081¢
TH (sa) + Al (st) + Foc 1.4° 3.985+0.029"¢ 1.7 3.952+0.045¢
CD (P<0.05) 0.45 0.187 0.39 0.193

Values within a column followed by different letters are significantly different at P<0.05 according to Tukey’s test

(Foc=F. oxysporum f. sp. capsici, TH=T. harzianum, Al=A. indica, st=seed treatment, sa=soil application)
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Fig. 1 Correlation analysis
between chlorophyll content
and wilt severity on chilli plants
treated with various treatments
in 2018 and 2019

Table 2 Effect of different
treatments on number of fruits
per plant and yield per plant

5
45
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S 4 R2 = 0.9631
ey
O
0.5
0
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Disease severity (0-5 scale)
Treatment 2018 2019
No. of fruits/plant Fresh yield/plant (g) No. of fruits/plant Fresh yield/plant (g)
Control 26.27 +3.83" 116.32 +6.54" 25.69 +4.148" 117.43+3.28%¢
Foc 19.53 +2.91% 96.49 +3.90F 20.24+3.12 90.40+2.89"
TH (st) 31.23+3.420¢ 124.11 +5.62%¢ 27.70 +4.058 122.88 +5.14f
TH (sa) 36.13 +2.54%¢ 137.43 +£3.29%¢ 34.85+5.02%¢ 134.74 +4.97%4
Al (st) 32.88+3.26 129.95+2.88%F 30.37 +2.76 129.81 +6.23%¢
TH (st) + Al (st) 4426 +3.67° 152.18 +4.37° 41.12+2.86 150.98 +5.31°
TH (sa) = Al (st) 48.45+4.15° 159.64 +5.212 4528 +3.51% 154.11 +4.77%
TH (st) + Foc 21.13 +4.070% 102.57 +£5.797 & 23.01+3.44" 98.68 +6.52"]
TH (sa) + Foc 25.72+3.57M1 112.14 +£4.30n1 25.43 +2.56" 110.35+4.96"
Al (st) + Foc 21.34+4.11 104.32 +4.66 22.50+3.36M1 103.22+3.71°
TH (st) + Al (st)+ Foc  39.32 +4.10¢ 139.34+6.149 37.14+3.434 139.19 +5.45¢
TH (sa)+ Al (st)+ Foc 42.97 +2.78>°¢ 145.97 +£4.93° 40.31+3.26>°¢ 145.02 +3.84°
CD (P<0.05) 3.21 6.23 2.87 5.94

Values with in a column followed by different letters are significantly different at P<0.05 according to

Tukey’s test

Foc=F. oxysporum f. sp. capsici, TH=T. harzianum, AI=A. indica, st=seed treatment, sa =soil applica-

tion

enhancement in fruit number and fruit yield. The best results
were observed when T. harzianum (sa) +A. indica (st) was
applied, giving maximum number of fruits (48.45 and 45.28)
and yield (159.64 g and 154.11 g) (Table 2).

In Foc-inoculated plots, once again application of T.
harzianum (sa) + A. indica (st) treatment showed best yield
results with 42.97 and 40.31 fruits/plant and 145.97 g and
145.02 g of plant yield and was followed by T. harzianum
(st)+A. indica (st) treatment (Table 2). T. harzianum (st)
was shown to be the least effective treatment, with a mini-
mum increase in fruit/plant (20.13 and 23.01 fruit) and
yield/plant (102.57 g and 98.68 g) during both years.
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Effect of T. harzianum and A. indica on plant weight
and plant length

A significant decrease in fresh and dry weight and length
of the plants was seen when they were grown in plots inoc-
ulated with Foc against non-inoculated control during the
2 cropping years (Fig. 2). In plots lacking Foc inoculation,
application of T. harzianum (either as seed treatment or
mixed in the soil) in combination with leaf extract of A.
indica substantially increased the plant weight (both fresh
and dry) along with the plant length during both the years
except for T. harzianum (st) + A. indica (st) which in 2019
exhibited non-significant increase in plant fresh weight
(84 g). In 2018, combined use of T. harzianum (sa) + A.
indica (st) in pathogen-free soil elevated fresh weight up
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Fig.2 Effect of various treat-
ments on different growth

(a)

parameters (fresh weight, dry mControl OFoc OTH (st) BTH (sa)
weight and plant length) of DAl (st) OTH (st) + Al (st) OTH (sa) + Al (st) @ TH (st) + Foc
chilli plants in 2018 (a) and OTH (sa) + Foc oAl (st) + Foc BTH (st) + Al (st) + Foc ~ OTH (sa) + Al (st) + Foc
2019 (b). Error bars indi- 140
cate + standard deviation. 120 -T-
Means marked with different c
letters are significantly differ- 100 (9 d
ent from each other accord- 80 ah
ing to Tukey’s test at P<0.05 i
(Foc = Fusarium oxysporum f. 60 i
sp. capsici, TH=T. harzianum, 20 k| K
Al=A. indica, st=seed treat-
ment, sa=soil application) 20
0
Fresh Weight (g) Dry Weight (g) Plant Length (cm)
2018
(b)
EControl OFoc OTH (st) BTH (sa)
OAI (st) OTH (st) + Al (st) OTH (sa) + Al (st) @ TH (st) + Foc
OTH (sa) + Foc DAl (st) + Foc BTH (st) + Al (st) + Foc OTH (sa) + Al (st) + Foc
140
a
120 b T
c
100 de [ d -
ef—
80
h .
|
60 j
k
40
20
0
Fresh Weight (g) Dry Weight (g) Plant Length (cm)
2019

to 124 g, dry weight up to 41 g and plant length up to
89 cm, whereas in 2019 these figures were 118 g, 38 g and
85 cm. Seed treatment with leaf extract of A. indica did
not increase fresh and dry weight compared to the con-
trol. Besides, it was also observed that seed treatment with
A. indica did not show any improvement in plant length
(61 and 62 cm) when compared with the control (62 and
68 cm) during both years.

In the presence of Foc, concomitant use of 7. harzianum
and A. indica increased plant fresh and dry weight and
length which was observed to be higher than the control.
Plots having T. harzianum (sa) + A. indica (st) exhibited sig-
nificant increase in plant fresh (102 and 98 g) and dry weight
(36 and 32 g) during 2 years of trial but showed no increase
in plant length (75 cm) in 2018, while significant improve-
ment with 70 cm length was recorded in 2019. Amongst all
the treatments, A. indica (st) showed the least significant
increase in plant fresh weight (37 and 39 g). During the
first year, it did not affect dry weight (13 g) and plant length

(48 cm) while in 2019 elevation in dry weight (12 g) and
plant length (47 cm) were found to be significant (Fig. 2).

Effect of T. harzianum and A. indica on soil
population of biocontrol agent and pathogen

The biocontrol agent as well as the pathogen showed mani-
fold increase in their population throughout the crop growth.
It was observed that the soil population increased to a peak
in the third month (i.e. March) of crop growing when the
crop was in the reproductive stage. In March, utmost sig-
nificant increment in the soil population of T. harzianum
(4.52x 10* cfu/g soil in the first year and 4.87 x 10* cfu/g
soil during second year) was recorded from the rhizospheric
soil of chilli plants growing in the plots inoculated with Foc,
where it was applied as soil treatment. This population sig-
nificantly declined to 4.25 x 10* cfu/g soil in April 2018 and
to 4.78 x 10* cfu/g soil in April 2019. The second highest
increase in soil population of biocontrol agent was counted
in plots having 7. harzianum (st) in pathogen-inoculated soil
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Fig. 3 Effect of various treat-
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(P<0.05). The lowest increase in 7. harzianum population
was recorded in the plots lacking Foc and having concomi-
tant use of 7. harzianum (st)+A. indica (st) as this treatment
helped the population of the respective biocontrol agent
reach the highest count up to 3.12x 10%*and 3.04 x 10* cfu/g
soil during the 2 years of field trials (Fig. 3). In both years,
concomitant use of 7. harzianum (sa)+ A. indica (st) in Foc-
inoculated plots showed a significant increase in biocontrol
agent population in the month of April, whereas combined
application of T. harzianum (st)+A. indica (st) in pathogen-
infested plots caused a non-significant increase in 7. harzi-
anum population in April 2018 and a substantial increase in
the pathogen population in April during the second year of
crop cultivation. Besides, in 2019 T. harzianum population
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also increased non-significantly from March to April in the
absence of Foc in plots having either soil application or seed
treatment with 7. harzianum. Interestingly, when comparing
for the population built-up of the biocontrol agent between
soil application and seed treatment, soil application of T.
harzianum was found to be the better option.

Increase in the population built-up of biocontrol agent
caused negative effect on the population count of the patho-
gen. Besides, A. indica extract also significantly inhibited
the pathogen reproduction (P <0.05) by limiting its colo-
nisation to 3.86x 10* cfu/g and 4.02x 10* cfu/g during
the 2 years. The highest growth in Foc soil population was
observed when no treatment was applied (Fig. 3) as the
pathogen growth flourished to a maximum 4.28 x 10* cfu/g
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in 2018 and in 2019 attained cfu count 4.57 x 10* per g soil.
In the month of April, this value significantly decreased to
3.66 x 10* cfu/g and 4.32 x 10* cfu/g during both the years.
Concomitant application of T. harzianum (sa) +A. indica (st)
caused maximum significant hindrance in pathogen growth
and restricted its population to 3.02 x 10* cfu/g in 2018 and
3.05x 10* cfu/g in 2019, respectively, which in April further
deteriorated to 2.33 x 10* cfu/g and 2.47 x 10* cfu/g during
the two consecutive years.

Discussion

Fusarium wilt has emerged as an important disease of
chilli responsible for low yield in many chilli growing
regions in India (Mishra et al. 2018). The present study
has revealed significant decline in growth and yield of C.
annuum var. Pusa Jwala due to the devastating effect of
the wilt fungus, F. oxysporum f. sp. capsici. Biological
control measures to manage plant diseases offer encourag-
ing and cost-effective alternatives to chemical use (Khan
et al. 2011). Researchers have shown the efficacy of
Trichoderma spp. (Khan et al. 2017) and A. indica extract
(Sarawaneeyaruk et al. 2015) in the biocontrol of plant
diseases.

In the present study, 7. harzianum resulted in increased
plant growth and yield when applied in the soil or used
as seed treatment in field plots lacking the wilt pathogen.
It was in line with the findings of Windham et al. (1986)
who reported 7. harzianum promote plant growth even in
the absence of the pathogen. Gajera et al. (2013) stated
Trichoderma spp. helps control plant diseases by producing
phytohormones that have plant growth promoting effect as
one of the mechanisms. Hoyos-Carvajal et al. (2009) and
Macias-Rodriguez et al. (2018) also found that Trichoderma
spp. increased plant growth in crops such as tomato, cacao,
cucumber and beans. This may be attributed to the fact that
Trichoderma spp. colonise the plant roots and act as endo-
phytic symbionts by secreting chemical stimulants benefi-
cial for plants. These biocontrol and bio-stimulant properties
have plant growth-promoting effects along with increased
plant yield (Harman et al. 2012) and are known to reduce
abiotic stress in plants and increase their nutrient uptake
(Saba et al. 2012) by solubilising the soil phosphorus and
producing siderophores (Li et al. 2018).

In our study, application of 7. harzianum in Foc-inoc-
ulated plots exposed to different treatments persistently
improved the overall growth and development of the plants
in contrast to the untreated control. However, lower wilt
severity with higher chlorophyll content, number of fruit and
yield per plant and other growth aspects were seen in plots
where T. harzianum was mixed in the soil rather than its seed
treatment. The increase in plant’s chlorophyll content may be

due to reduced blockage in the vascular system by the patho-
gen. Shahid and Khan (2016) reported that infection of M.
phaseolina caused reduction in leaf pigments in mung bean.
T. harzianum also increased other growth traits which may
be due to decreased activity of the pathogen as it is known
for its versatile action as plant growth promoter and antago-
nist of various soil-borne fungal pathogens such as Fusarium
spp- Besides, Trichoderma spp. protects the plant against
the pathogen infection immediately after the seed germi-
nates (Sharma et al. 2014). The observations are in agree-
ment with the findings of Bhat et al. (2016) who reported
an increase in growth attributes, plant yield and a reduced
disease incidence when T. harzianum was used in the fields.
Godwin-Egein and Arinzae (2001) also found T. harzianum
inhibits Fusarium spp. through competition, lysis and hyper-
parasitism and thereby restricts its mycelial growth. In our
study, a rapid increase in the soil population of biocontrol
agent was seen in both pathogen-free and inoculated soil
over the initial population. This increase was due to avail-
ability of the host fungus in the inoculated soil on which
the biocontrol agents multiply and was significantly greater
in the pathogen-inoculated soil than in soil lacking Foc. In
this regard, Khan and Anwer (2011) noticed antibiotics like
trichodermin, harzianolide, viridian, trichodermol and glio-
toxin produced by different Trichoderma spp. supress the
disease by deteriorating germination and production of the
pathogen spores. Amira et al. (2017) and Lépez et al. (2019)
observed increased sporulation of Trichoderma spp. around
hyphae of Fusarium solani and other phytopathogens which
caused a decrease in the pathogen population.

In our field trials, it was observed that extract of A. indica
significantly accelerated plant length and yield against the
Foc-inoculated soil. It could be due to azadirachtin in neem
extract, which might enhance plant growth by delaying
transformation of ammonium nitrogen into nitrate nitro-
gen (Akhtar 1999) and improves crop yield by providing
essential nutrients to the plants (Lokanadhan et al. 2012).
In pathogen-inoculated soil, the use of A. indica leaf extract
promoted growth of chilli plants by exhibiting a deleteri-
ous impact on pathogen colonisation and thus caused yield
enhancement. Srivastava and Yadav (2008) and Rizvi et al.
(2015b) also suggested that the use of neem leaf extract
obstructs development of F. oxysporum. This may be due
to their better defence action against the wilt fungus as leaf
extract of neem enhances protein and phenol contents, activ-
ities of peroxidase, chitinase, phenylalanine ammonia-lyase,
polyphenol oxidase, -1, 3-glucanase and other enzymes in
the roots of treated plant (Gawande et al. 2015). Neem oil
reduces the production of fusaric acid and thereby the patho-
genic ability of the pathogen (Geraldo et al. 2010). Moreo-
ver, applying neem cake in crop fields can cause a reduc-
tion in the soil population of different soil-borne pathogens
including Fusarium spp. (Champawat and Sharma 2003;

@ Springer



170

Journal of Plant Diseases and Protection (2021) 128:161-172

Yelmame et al. 2010; Elnasikh et al. 2011) and promotes
plant growth by helping in population built-up of several
antagonistic microbes (Altintas and Bal 2008). Neem extract
inhibited spore germination of several Fusarium spp. infect-
ing different crops (Agbenin and Marley 2006; Haikal 2007).

In our study, integrated use of T. harzianum and A. indica
leaf extract showed the highest control of the wilt problem in
chilli plants apart from increasing the various growth attrib-
utes and crop yield and the same was reported by Raghu
et al. (2018) who found 7. harzianum and neem cake as the
best measure for disease management. Rajani and Parakhia
(2009) too found combined application of neem cake and 7.
harzianum effectively helped in managing a root rot disease
of castor bean. Choudhary and Ashraf (2019) noticed these
two as the best measure to control dry root rot of mung bean
and found their combined application resulted in a maximum
decrease in the soil population of the pathogen. Besides,
their joint application showed enhanced chlorophyll con-
tent. Rizvi et al. (2015b) also found both 7. harzianum and
neem-based pesticides when used in combination elevate
nutrient uptake in plants which in turn increase physiological
parameters like photosynthetic activity and translocation of
water, nutrients and other metabolic products and increase
plants chlorophyll contents. In the present study, we tested
only one strain of 7. harzianum and A. indica leaf extract in
managing the wilt disease of chilli. However, further studies
may be carried out to explore local strains of T. harzianum
isolated from the crop fields for their ability to suppress the
F. oxysporum f. sp. capsici.
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